Cold Spring Harbor Laboratory, Cold Spring Harbor, NY 11724 o examine the involvement of interchromatin granule clusters (IGCs) in transcription and pre-mRNA splicing in mammalian cell nuclei, the serine-arginine (SR) protein kinase cdc2-like kinase ( Clk)/STY was used as a tool to manipulate IGC integrity in vivo. Both immunofluorescence and transmission electron microscopy analyses of cells overexpressing Clk/STY indicate that IGC components are completely redistributed to a diffuse nuclear localization, leaving no residual structure. Conversely, overexpression of a catalytically inactive mutant, Clk/STY(K190R), causes retention of hypophosphorylated SR proteins in nuclear T speckles. Our data suggest that the protein-protein interactions responsible for the clustering of interchromatin granules are disrupted when SR proteins are hyperphosphorylated and stabilized when SR proteins are hypophosphorylated. Interestingly, cells without intact IGCs continue to synthesize nascent transcripts. However, both the accumulation of splicing factors at sites of pre-mRNA synthesis as well as pre-mRNA splicing are dramatically reduced, demonstrating that IGC disassembly perturbs coordination between transcription and pre-mRNA splicing in mammalian cell nuclei.
Introduction
Pre-mRNA splicing factors localize by immunofluorescence microscopy to 20-50 irregularly shaped nuclear speckles set against a diffuse distribution within the nucleoplasm of mammalian cells (for reviews see Spector, 1993; Lamond and Earnshaw, 1998) . In addition, in some cell types they also localize to Cajal bodies (Spector et al., 1992; Gall, 2000) . By transmission electron microscopy (TEM),* the speckled immunofluorescence localization corresponds to interchromatin granule clusters (IGCs) and perichromatin fibrils (PFs; for review see Fakan and Puvion, 1980; Spector, 1993) . IGCs are composed of particles measuring 20-25 nm in diameter, and they contain numerous factors that are involved in RNA synthesis and processing. IGC constituents include, but are not limited to, small nuclear ribonucleoprotein particles (snRNPs), arginine-serine-rich (SR) splicing factors, and the hyperphosphorylated form of the large subunit of RNA polymerase II (Bregman et al., 1995) . The majority of the protein constituents of IGCs have now been identified (Mintz et al., 1999, and unpublished results) , making it possible to better address the biological function of these nuclear domains.
Although splicing factors localize to IGCs, pre-mRNA synthesis does not occur within these structures, but at PFs on the IGC periphery or at some distance away from the IGCs (Fakan, 1994; Cmarko et al., 1999) . One recent report indicated overlap between sites of bromo-uridine incorporation and nuclear speckles (Wei et al., 1999) ; however, a significant proportion of the overlap likely corresponds to PFs (transcription sites) on the periphery of speckles. The majority of nucleotide incorporation and immunocytochemistry studies have shown that IGCs are not likely to be sites of transcription because they do not contain DNA, and they are not labeled by 3 H-uridine incorporation (Turner and Franchi, 1987; Spector, 1990; Fakan, 1994) . Cmarko et al. (1999) performed extensive analysis of bromo-UTP incorporation at the TEM level and did not detect transcription in IGCs. Furthermore, inhibition of RNA polymerase II transcription with ␣ -amanitin causes splicing factor recruitment to cease, and speckles become larger and more rounded (Carmo-Fonseca et al., 1992; Spector et al., 1993; Misteli et al., 1997) . Therefore, enrichment of splicThe online version of this article contains supplemental material.
ing factors in IGCs may be due to the fact that they are sites of complex formation and/or modification of splicing factors, or sites of splicing factor storage (Huang et al., 1994; Spector et al., 1993) . In support of these possibilities, experiments in living cells revealed that hyperphosphorylation of splicing factor SF2/ASF on its RS-rich domain releases it from the IGCs for recruitment to active genes (Misteli et al., 1997) . However, despite this advance, neither the structural organization nor the precise biological function of the IGCs is known.
Several SR protein kinases, including cdc2-like kinase (CLK)/STY 1, 2, 3, and 4 (Ben-David et al., 1991; Hanes et al., 1994; Howell et al., 1991) and SR protein kinases 1 and 2 (SRPK1 and SRPK2) (Gui et al., 1994; Wang et al., 1998; Yeakley et al., 1999) , specifically phosphorylate RS domains. Clk/STY was isolated independently by several groups (BenDavid et al., 1991; Howell et al., 1991; Johnson and Smith, 1991) and was subsequently characterized as a LAMMER family kinase. LAMMER kinases include dual specificity kinases that can phosphorylate on tyrosine in addition to serine/threonine residues (Lindberg et al., 1992; Lee et al., 1996) . When Clk/STY is overexpressed in cultured cells, SR proteins become hyperphosphorylated and the typical speckled immunolocalization of splicing factors is reorganized into a diffuse nucleoplasmic localization (Colwill et al., 1996b) . In addition, Clk/STY has been shown to directly affect the activity of SR proteins; both hyper-and hypophosphorylation of SR proteins affect in vitro splicing activity (Prasad et al., 1999) .
It is presently unclear why mammalian cells contain IGCs and whether their position in the nucleus reflects a spatial positioning that is essential for function. Time-lapse observations of nuclear speckles in living cells have shown that the position of IGCs is maintained over many hours (Misteli et al., 1997; Kruhlak et al., 2000) , suggesting that they reside in predetermined locations. Such positioning may be a result of granules clustering upon a specific structural framework or around specific chromosomal regions. To investigate this possibility, we used overexpression of murine Clk/STY 1 as a method to completely disassemble IGCs in vivo. Ultrastructural analysis of such cells indicates that SR proteins are redistributed throughout the nucleus in small clusters, and no specific underlying structural IGC scaffold was revealed. Nascent transcripts are produced in cells without IGCs, but accumulation of splicing factors originating from an entirely nucleoplasmic pool onto pre-mRNA is significantly reduced and spliced mRNA is markedly reduced to undetectable.
Results
Overexpression of Clk/STY causes redistribution of nuclear speckle components A-431 cells were transiently transfected with murine Clk/ STY1 or catalytically inactive mutant Clk/STY1(K190R) to assess the extent of disassembly of various nuclear speckle components. Transient overexpression resulted in a population of transfected cells with variable levels of Clk/STY expression and extent of nuclear speckle disassembly. Our goal was to examine pre-mRNA synthesis and processing in cells in which nuclear speckles are no longer intact. We examined cells in which overexpression of green fluorescent protein (GFP)-Clk/STY (Fig. 1  A) induces a complete redistribution of splicing factors, such as SC35 (Fig. 1 B) . Multiple SR protein family members, such as those recognized by monoclonal antibody 3C5 (Turner and Franchi, 1987) , responded to hyperphosphorylation in the same manner (unpublished data). However, overexpression of GFP-Clk/STY(K190R) that is not able to phosphorylate SR proteins ( Fig. 1 C) did not induce nuclear speckle disassembly of SC35 (Fig. 1 D) , indicating that the release of SR proteins is dependent upon kinase activity. Next, we looked at the response of proteins that localize to nuclear speckles but are not members of the SR protein family. B" is a component of U2 snRNP that is involved in pre-mRNA splicing (Habets et al., 1986) . When GFP-Clk/STY was transiently overexpressed in A-431 cells (Fig. 2 A) , similar to SR proteins, B" redistributed from its typical nuclear speckle localization to a diffuse nuclear localization (Fig. 2 B) . Our ongoing identification and characterization of the protein constituents of IGCs has given us the ability to sort IGC components based upon predicted functions (Mintz et al., 1999 and additional unpublished data) . Among the proteins identified in our purified IGC fraction is pinin (unpublished result), which was reported previously to link intermediate filaments to the submembrane plaque of desmosomes (Ouyang and Sugrue, 1996; Ouyang et al., 1997) . In contrast, pinin has also been reported to be a strictly nuclear protein that localizes in nuclear speckles (Brandner et al., 1997) . Although pinin may localize to both desmosomes and nuclear speckles (Ouyang, 1999) , the possibility that pinin is potentially a structural protein in the IGCs was tested by examining the response of endogenous pinin to hyperphosphorylation of SR proteins. However, cells transiently overexpressing GFP-Clk/STY (Fig. 2 C) exhibited a complete redistribution of pinin (Fig. 2 D) . Several reports have indicated that popula- tions of actin (Nakayasu and Ueda, 1984) and lamin A (Jagatheesan et al., 1999) are associated with snRNPs or nuclear speckles, respectively. Although these two proteins are very good candidates for structural IGC proteins, they also redistributed in response to Clk/STY overexpression in the same manner as splicing factors (unpublished data). It is unlikely that this redistribution is due to direct hyperphosphorylation of actin or lamins, since Clk/STY specificity is linked to phosphorylation of serines in the RS region of SR proteins (Colwill et al., 1996a,b; Nayler et al., 1997) and these proteins lack RS regions. Therefore, although actin and lamins may play some role in IGCs, they do not appear to serve as constituents of an underlying scaffold of these nuclear structures. Next, we considered that RNA, rather than protein, might provide a structural framework in IGCs. A stable population of polyadenylated (polyA ϩ ) RNA resides in nuclear speckles (Huang et al., 1994) . The function of this RNA is not clear, but we reasoned that if it were a structural IGC component, it would not respond to release of SR proteins. However, similar to what was observed for IGC proteins, upon overexpression of FLAGClk/STY in A-431 cells (Fig. 3 A) , the stable polyA ϩ RNA became diffusely localized throughout the nucleus (Fig. 3 B) . This effect was dependent on hyperphosphorylation, because upon overexpression of FLAG-Clk/STY(K190R) (Fig. 3 C) , the polyA ϩ RNA maintained its typical nuclear speckle localization (Fig. 3 D) . We also tested IGC constituents that were recently identified by mass spectrometry analysis. KIAA0111 encodes translation initiation factor eIF4Aiii (Weinstein et al., 1997; Li et al., 1999; Holzmann et al., 2000) . KIAA0801 encodes a protein of unknown function; both proteins contain DEAD/H box RNA helicase motifs. KIAA0536 is the human homologue of PRP4, a serine/threonine protein kinase in fission yeast (Alahari et al., 1993; Kojima et al., 2001) . GFP fusion constructs were made for each of these cDNA clones, and cells were transiently cotransfected with the respective fusion construct plus pTetON and FLAG-Clk/STY plasmids. After allowing time for accumulation of GFP-tagged protein in nuclear speckles, expression of FLAG-Clk/STY was induced with doxycycline. In FLAG-Clk/STY-transfected cells, each of these proteins exhibited a diffuse nuclear localization, whereas in neighboring cells not overexpressing FLAG-Clk/STY they maintained a nuclear speckle localization (unpublished data). Whereas each constituent of nuclear speckles examined here redistributed upon overexpression of Clk/STY, nucleolar organization, as shown by ANA-N staining (Fig. 2 , E and F), and chromatin organization (unpublished data) were not altered by overexpression of Clk/STY.
Cells overexpressing Clk/STY lack intact interchromatin granule clusters
Since all nuclear speckle components examined became diffusely distributed upon overexpression of Clk/STY, we were interested to determine if this redistribution would reveal a specific underlying IGC scaffold. Cells overexpressing Clk/STY and observed by immunofluorescence to have a completely diffuse distribution of splicing factor SC35 were processed for TEM. At least one neighboring untransfected cell with intact IGCs was examined in the same thin sections, serving as a control. The results shown in Fig. 4 are representative of observations from 12 Clk/STY-transfected cells. Untransfected A-431 nuclei contained large IGCs distributed throughout the nucleoplasm, and immunogold labeling for SR proteins was found in IGCs, as well as in small clusters in the surrounding nucleoplasm (Fig. 4, A and B) . In cells transfected with Clk/STY, there were no intact IGCs, and immunogold labeling for SR proteins was dispersed throughout the nucleoplasm in small clusters that resemble PFs (Fig. 4, C and D) . In addition, we did not detect a specific IGC substructure, nor did we observe empty nuclear regions where IGCs would previously have been located.
Transcription is unaffected in cells lacking intact IGCs
Next, we evaluated the functional implications of complete IGC disassembly, namely the effects on transcription and pre-mRNA splicing in situ. A-431 cells transiently trans- fected with FLAG-Clk/STY were gently permeabilized with digitonin, and transcription buffer containing bromouridine-triphosphate (bromo-UTP) was added to the cells for 5 min at 37 Њ C. The cells were then processed for triple-label immunolocalization of FLAG-Clk/STY, bromo-UTP, and SR proteins ( Fig. 5 C) . Interestingly, such cells remained transcriptionally competent ( Fig. 5 B) , and the extent of bromo-UTP incorporation was comparable to that in surrounding untransfected cells.
Splicing factors do not accumulate at transcription sites and splicing is significantly reduced in cells without intact IGCs
A-431 cell lines stably expressing ␤ -globin genomic DNA were generated to assess splicing capacity in cells without intact IGCs. The site of ␤ -globin pre-mRNA synthesis was detected by RNA FISH as a single dot in each interphase nucleus ( Fig. 6 A) , and splicing factor SC35 was colocalized at this transcription site (Fig. 6 B) as expected from previous studies (Jiménez-García and Spector, 1993; Xing et al., 1993; Huang and Spector, 1996) . Interestingly, GFP-Clk/ STY was recruited to the transcription site in cells that had not yet undergone nuclear speckle disassembly (Fig. 6 , C and D). The ␤ -globin pre-mRNA transcription site (nascent transcripts) in nuclei overexpressing Clk/STY and exhibiting complete nuclear speckle disassembly was of comparable size and intensity to loci in untransfected nuclei (Fig. 6 G) , confirming that transcription is not affected by Clk/STY overexpression. However, the loci in 11 of 12 cells scored without intact IGCs exhibited a largely reduced accumulation of SC35 compared with loci in untransfected nuclei (Fig. 6 F ; compare regions at arrow and arrowhead). In addition, using a nonphosphoepitope antibody that recognizes the U2 sn-RNP B" protein, we also observed reduced accumulation of U2 snRNP at this transcription site in cells without intact IGCs (unpublished data). Although splicing factors did not accumulate to significant levels at transcription sites in cells without intact IGCs, we directly examined the ability of ␤ -globin pre-mRNA to be spliced at the transcription site. We used an oligonucleotide probe to specifically detect removal of intron 2 from ␤ -globin pre-mRNA in vivo by fluorescence in situ hybridization. A probe designed to target the splice junction of exons 2/3 hybridizes to spliced ␤ -globin mRNA in all untransfected cells scored (Fig. 7 B, arrowheads; 79/79 cells) . Nearly all cells that overexpressed GFP-Clk/STY but had not yet undergone nuclear speckle disassembly also exhibited a hybridization signal with the splice junction probe (Fig. 7 B, arrow; 50 of 52 cells exhibited a hybridization signal). However, there was no hybridization signal with the splice junction probe in cells that lacked IGCs due to overexpression of GFP-Clk/STY, indicating that splicing was inhibited (Fig. 7  D; 26/26 cells) by comparison with an adjacent untransfected cell which gave a hybridization signal (Fig. 7 D, arrowhead) . A probe designed to target ␤ -globin intron 2 hybridized to ␤ -globin pre-mRNA both in untransfected cells and in all cells transfected with GFP-Clk/STY that exhibited complete nuclear speckle disassembly (Fig. 7, E and F; 16/ 16 cells) . Similar results were observed using a stable cell line expressing a ␤ -tropomyosin minigene construct (unpublished data). Because we detected splicing only in cells having intact nuclear speckles, we conclude that splicing factors Figure 7 . Splicing is markedly reduced to absent in cells without intact nuclear speckles. A-431 cells stably expressing ␤-globin genomic DNA were transiently transfected with GFP-Clk/STY (A, C, and E). In situ hybridization was performed using oligonucleotide probes to the splice junction of exons 2/3 (B and D) or to intron 2 (F). GFP-Clk/STY initially localizes in nuclear speckles and splicing of ␤-globin pre-mRNA is unaffected (B, arrow) by comparison with splicing in an untransfected nucleus (B, arrowhead). However, in cells with completely disassembled nuclear speckles (C, cell on the left), there is no hybridization signal in any focal plane (D, cell on the left), whereas splicing is detected in a neighboring untransfected cell (D, arrowhead). A probe that targets ␤-globin intron 2 hybridizes to ␤-globin premRNA in untransfected cells (F, arrowhead) as well as cells expressing GFP-Clk/STY and exhibiting no intact nuclear speckles (F, arrow). Bar, 5 m. originating from an entirely diffuse nucleoplasmic pool (hyperphosphorylated) are not competent to perform premRNA splicing in vivo.
Catalytically inactive mutant Clk/STY(K190R) traps splicing factors in nuclear speckles
Since hyperphosphorylation of SR proteins is required for release of splicing factors from nuclear speckles (Misteli et al., 1997), we reasoned that we may interfere with splicing factor release by overexpression of mutant Clk/ STY(K190R). A-431 cells were transfected with GFP-Clk/ STY(K190R) and the effects of overexpression were analyzed in living cells. Time-lapse images of a cell overexpressing GFP-Clk/STY(K190R) are shown in Fig. 8 . A sequence of 200 images (350 ms exposures) was taken every 30 min, beginning 6 h after transfection when a GFP-Clk/ STY(K190R) signal was first detectable in the nuclear speckles of the cell shown. At 6.0 h (Fig. 8 A) , the speckle morphology and peripheral movement was comparable to that shown previously for GFP-SF2/ASF (Misteli et al., 1997) . However, in contrast to time-lapse observations of speckles in control cells, the cells transfected with Clk/STY(K190R) began to exhibit bright GFP-Clk/STY(K190R) foci on the periphery of speckles. In the example shown in Fig. 8 , at 6.0 h after transfection, two speckles had bright foci (Fig. 8 A, arrows; video 1). By 6.5 h, each speckle had developed at least one bright focus (Fig. 8 B; video 2). Multiple foci appeared on all speckles by 7.0 h, often in pairs that maintained close proximity (Fig. 8 C, arrows; video 3) . Finally, at 7.5 h, the speckles had multiple foci, and they no longer exhibited the typical peripheral movement. Instead, the speckles were almost completely immobilized (Fig. 8 D, arrow; video 4). Identical foci were observed in cells transfected with FLAG-Clk/STY(K190R) (unpublished data), as well as in fixed cells (see below), ruling out the possibility that the foci were merely aggregates of the GFP fusion or a result of phototoxic effects of live-cell imaging. Furthermore, immunoelectron microscopy analysis showed that foci contain interchromatin granules (unpublished data).
Similar to what we saw with overexpression of wild-type Clk/STY, transient overexpression of Clk/STY(K190R) resulted in a population of transfected cells expressing different amounts of kinase, except that the mutant kinase showed various stages of foci formation on the periphery of nuclear speckles. Some nuclei (without nuclear speckle foci) showed a complete colocalization of splicing factors and Clk/STY(K190R) as shown in Fig. 1 , C and D. We speculate that this variation in phenotype is due to the timing of DNA entry into each cell and the lower level of mutant kinase expression, and that formation of foci might require expression of Clk/STY(K190R) to reach a certain threshold to override the activity of endogenous Clk/STY isoforms, as well as other putative SR protein kinases. We examined the focal accumulations at the periphery of nuclear speckles in cells that we interpret as being representative of the early stages of foci formation (equivalent to the stages shown in Fig. 8, A and B) . Bromo-UTP incorporation indicated that global transcription is not altered in cells with this phenotype (unpublished data). RNA FISH using a probe against ␤ -globin intron 2 verified that ␤ -globin transcripts are being synthesized; however, the splice junction probe hybridizes in only 60% of the cells scored, suggesting that splicing is somewhat less efficient when nuclear speckles are partially immobilized (unpublished data).
Immunofluorescence localization with nonphosphoepitope antibodies against B" (Fig. 9 , A-C), SF2/ASF (Fig. 9,  D-I) , and m 3 G (unpublished data) verified that these splicing factors precisely colocalized with GFP-Clk/STY(K190R) in the foci. We interpret these foci as regions of the speckles in which splicing factors accumulate because they are in a state of reduced phosphorylation and therefore cannot be released from the speckles. To confirm this hypothesis, we transfected A-431 cells with GFP-Clk/STY(K190R) and performed immunofluorescence using anti-SC35 antibody, which recognizes a phosphoepitope on SC35, and mAb104, which recognizes phosphoepitopes on a family of SR proteins (Roth et al., 1990 ). There was a dramatic reduction of immunolabeling with these phosphoepitope antibodies in the focal accumulations of GFP-Clk/STY(K190R), as noted by complete absence of labeling in these regions with mAb104 (Fig. 10 , A-C) and with anti-SC35 (Fig. 10, D-I ). This result confirms that unphosphorylated or hypophosphorylated proteins are present in the foci and might be unable to leave the speckles due to a lack of or reduced levels of phosphorylation.
Discussion
Observations of nuclear speckles in living cells have shown that they are highly dynamic nuclear domains (Misteli et al., 1997; Eils et al., 2000) . Although there is a continuous exchange of the protein constituents of speckles over time (Kruhlak et al., 2000; Phair and Misteli, 2000) , each speckle maintains its position in the nucleus, suggesting that some static component tethers the speckles to a particular location within the nucleoplasm. To investigate this possibility, we used Clk/STY overexpression as a tool for modulating the integrity of speckles in vivo. We reasoned that the release of SR proteins from speckles might allow us to reveal underlying structural elements, such as a network of filaments or SR protein receptors, hypothesizing that a specific structural component of nuclear speckles would maintain its localization while splicing factors would be released. However, all proteins examined, including some predicted to serve structural roles, like nuclear speckle populations of lamin A (Jagatheesan et al., 1999) and snRNP-associated actin (Nakayasu and Ueda, 1984) , redistributed upon overexpression of Clk/STY. Furthermore, ultrastructural analysis of cells without intact nuclear speckles did not reveal empty regions or areas in the nucleoplasm that appeared to be remnants of a previously intact IGC. We conclude from this study that IGCs are likely to be maintained by protein-protein interactions, including RS domain-RS domain interactions among members of the SR protein family of pre-mRNA-splicing factors, rather than by attachment to an IGC-specific framework.
Although it does not appear that IGC components, such as lamin A or actin, form filaments that provide a scaffold for clustering of interchromatin granules, it is possible that individual interchromatin granules may require these structural proteins as monomers or very short multimers in order to assemble a large number of protein and RNA components into particles. Alternatively, G-actin or lamin A monomers may be recruited to transcription sites as members of interchromatin granules. Once at transcription sites, they may multimerize into short filaments that may act as a scaffold for the assembly/disassembly of the transcription RNA processing complex. In support of this possibility, ␤ -actin and actin-related proteins are components of the mammalian SWI/SNF-like BAF (Brg-associated factor) complex, and binding of the BAF complex to the nuclear matrix in vitro is enhanced by phosphatidylinositol (4,5)-bisphosphate (PtdIns[4,5]P 2 ), a lipid that regulates actin-binding proteins (Zhao et al., 1988) . Furthermore, PtdIns(4,5)P 2 and multiple phosphatidylinositol phosphate kinase (PIPK) isoforms have been localized to nuclear speckles in vivo by antibody labeling (Boronenkov et al., 1998) . Recently, Percipalle et al. (2001) have shown that actin becomes associated with a Balbiani ring mRNA via a heterogeneous nuclear ribonucleoprotein (hrp36) at the site of transcription. Future studies will directly address the organization of individual interchromatin granules and the possible role of structural proteins in their assembly/disassembly.
We examined the effect of Clk/STY hyperphosphorylation on the release of a large number of protein constituents of IGCs, including many that do not contain the RS domain essential for phosphorylation by Clk/STY. Our finding that all proteins redistributed, regardless of the presence of an RS domain, is consistent with the proposal that transcription and RNA-processing factors may exist in the nucleus in a unitary particle called a transcriptosome (Gall et al., 1999) , or alternatively, in multiple smaller complexes. However, it is currently unclear if such a particle is held together simply by protein-protein interactions or in concert with other potential mechanisms. In this regard, it is particularly intriguing that upon overexpression of Clk/STY, the stable population of poly (A) ϩ RNA that is present in IGCs (Huang et al., 1994) becomes diffusely distributed throughout the nucleoplasm, whereas nascent transcripts at specific transcription sites do not redistribute. This finding raises the possibility that the stable population of poly (A) ϩ RNA that is localized to IGCs may have a role in maintaining the organization of pre-mRNA-processing factors at these nuclear domains. These stable RNAs may represent the core organizing unit of individual interchromatin granules and the binding site for RNA-processing proteins. Studies are currently underway to purify and characterize these RNA molecules.
The release of splicing factors from IGCs by hyperphosphorylation makes these factors available for recruitment to sites of transcription and splicing (Misteli et al., 1997) .
Since not all interchromatin granules dissociate at once, regulatory mechanisms must influence the steady-state level of interchromatin granules within these structures as well as the rate of release of complexes into the nucleoplasmic pool. In this study, we tested whether an entirely nucleoplasmic pool of splicing factors, that presumably would be fully accessible to transcription sites, was sufficient for both recruitment and function. Interestingly, we found that disruption of IGCs did not affect synthesis of pre-mRNA on either a global or a specific level. However, IGC disassembly largely prevented accumulation of splicing factors on nascent transcripts at the site of transcription, and in doing so significantly reduced or abolished pre-mRNA splicing. Interestingly, in a previous study we have shown that microinjection of antisense oligonucleotides or antibodies to pre-mRNA splicing factors resulted in the rounding up of nuclear speckles and an inhibition of both transcription and pre-mRNA splicing (O'Keefe et al., 1994) . In this study we show that this coordination can be disrupted by the break-up of nuclear speckles, suggesting that this nuclear structure plays some role in coupling these two processes.
We cannot completely exclude the possibility that reduction in splicing in vivo could be due to inactivation of splicing factors via their hyperphosphorylation rather than the loss of IGCs. For example, a recent in vitro study showed that Clk/STY directly affects the activity of SR proteins, and altering the phosphorylation state of these proteins either by hyper-or hypophosphorylation resulted in inhibition of splicing activity (Prasad et al., 1999) . Overexpression of Clk/STY in vivo has also been shown to affect splice site selection on a reporter transcript (Duncan et al., 1997) , although correlation with the extent of IGC disassembly was not reported. However, our data demonstrate that upon hyperphosphorylation of SR proteins, all components tested, including those that do not contain RS domains, were redistributed. Both an SR protein (SC35, Fig. 6 F) and a non-SR protein U2-B" (unpublished data) failed to accumulate at transcription sites, and there was a marked reduction in spliced product. It is therefore likely that in vivo the organization of IGCs is fundamentally linked to the phosphorylation state of SR proteins and hence to the ability of the processing machinery to perform pre-mRNA splicing. This possibility is further supported by previous studies showing that phosphorylation of SR proteins was linked to their release from IGCs and subsequent recruitment to transcription sites (Misteli et al., 1997) . While pre-mRNA splicing can occur in vitro in the absence of intact IGCs, it is conceivable that nuclear extracts used for such experiments contain individual interchromatin granules that may be altered upon SR protein hyper-or hypophosphorylation, leading to decreased splicing activity.
The present study implicates IGCs in the assembly/maturation of the RNA-processing machinery into splicing-competent complexes or particles that must be maintained during transit to active genes for efficient targeting and function. Perhaps certain components of these complexes are responsible for recognizing newly synthesized premRNA and/or stabilizing the association of the splicing machinery on pre-mRNA. Our finding that GFP-Clk/STY was recruited to transcription sites is consistent with the possibility that, in addition to regulating release of splicing factors from IGCs, it might also regulate/remodel splicing factor interactions during alternative or constitutive splicing.
Assuming that Clk/STY is responsible for phosphorylation events that lead to release of splicing factors from nuclear speckles, then a mutant kinase that lacks SR protein kinase activity would be expected to inhibit the release of splicing factors in vivo. As predicted, overexpression of GFP-Clk/STY(K190R) causes peripheral regions of nuclear speckles to become immobilized. Splicing factors accumulate in foci, and this ultimately leads to a reduction in splicing activity. Perhaps the mutant kinase is interacting with its substrates, but because it is unable to phosphorylate them, the result is sequestration of hypophosphorylated splicing factor complexes in foci. Examination of these regions in fixed cells confirmed that SR proteins and snRNPs are present in the foci, and that there is a depletion of phosphorylated splicing factors in the regions that become immobilized. Morphological changes of nuclear speckles in living cells overexpressing GFP-Clk/STY(K190R) and phosphoepitope depletion in foci of such nuclear speckles strongly support the idea that phosphorylation of SR proteins by Clk/STY is one of the key events that results in recruitment of splicing factor complexes from nuclear speckles to sites of transcription. Furthermore, alterations in the phosphorylation state of SR proteins is highly correlated with IGC structural reorganization, and demonstrates an important link between structure and function in the mammalian cell nucleus.
Materials and methods cDNA constructs
PCR was used to generate restriction sites at the start codon of murine Clk/ STY1 and Clk/STY1 (K190R) cDNAs for convenient subcloning into pEGFP-C3 (CLONTECH Laboratories, Inc.). Inducible Clk/STY1 overexpression was achieved by using a tetracycline responsive element FLAGpUHD-104B (Tsukamoto et al., 2000) . KIAA cDNA clones were obtained from Kazusa DNA Research Institute (Chiba, Japan) and subcloned inframe into pEGFP-C vectors.
Cell culture and transfection
A-431 cells were grown in DME containing high glucose (GIBCO BRL/Life Technologies) supplemented with penicillin-streptomycin and 10% fetal bovine serum (Hyclone). Cells were seeded onto acid-washed coverslips in 35-mm petri dishes containing 2 ml DME, and attached cells were transiently transfected with 2 g total DNA using FUGENE (Roche) according to manufacturer instructions. FLAG-Clk/STY was cotransfected with pTetON (CLONTECH Laboratories, Inc.), and expression of kinase was induced by addition of doxycycline (2.0 g/ml). GFP-KIAA fusion constructs were cotransfected with FLAG-Clk/STY ϩ pTetOn 24 h before fixation, and doxycycline was added 12-14 h before fixation. In all other experiments, cells were processed for immunofluorescence localization of nuclear speckle proteins 14-16 h after transfection.
Immunofluorescence
Cells were rinsed briefly in PBS then fixed for 15 min in 2% formaldehyde in PBS (pH 7.4) or for 5 min in methanol ( Ϫ 20 Њ C) for optimal penetration of IgM antibodies into nuclei. Cells were permeabilized in PBS ϩ 0.2% Triton X-100 ϩ 0.5% goat serum, and primary antibodies were added for 1 h at room temperature: anti-FLAG M2 (Sigma-Aldrich; 10 g/ml), SC35 (1:1000), 3C5 ascites (1:200), B" (1:200), mAb103 anti-SF2/ASF (1:15), mAb104 anti-SR (undiluted); M3 anti-pinin guinea pig serum (1:100), AC40 antiactin (Sigma-Aldrich; 1:100), 2H10 anti-lamin (undiluted), PABII (1:200); anti-snRNA m 3 G (1:40); ANA-N (fibrillarin, 1:10). Cells were rinsed in PBS ϩ 0.5% goat serum, then secondary antispecies-specific antibodies (Jackson ImmunoResearch Laboratories) were added for 1 h at room temperature: goat anti-mouse (GAM) IgG 1 -Texas red (1:1,000), GAM IgG H ϩ L Texas Red (1:500), GAM IgM-Cy5 (1:1,000), donkey anti-guinea pig Cy5 (1:400), goat anti-rat IgG-fluorescein (1:1,200). Cells were examined using a ZEISS Axioplan 2i fluorescence microscope equipped with Chroma filters (Chroma Technology). OpenLab software (Improvision) was used to collect digital images.
TEM analysis
A-431 cells seeded onto gridded coverslips and transfected with GFP-Clk/ STY were fixed for 15 min in 2% formaldehyde/0.5% glutaraldehyde in PBS (pH 7.4). Cells were rinsed in buffer A (PBS ϩ 0.5% goat serum ϩ 0.3 M glycine), then permeabilized for 20 min in PBS ϩ 2% saponin. Anti-SC35 antibody was applied (1:1,000) in buffer B (PBS ϩ 0.5% goat serum ϩ 0.3 M glycine ϩ 0.5% saponin) for 1 h at room temperature. Cells were rinsed in buffer B and Texas red GAM-IgG 1 was applied (1:1,000) in buffer B. Cells were rinsed in buffer B, mounted, and sealed with rubber cement. The position of cells expressing GFP-Clk/STY and exhibiting completely disassembled SC35 nuclear speckles was documented and used later to relocate the cells for thin sectioning. Coverslips were processed as described (Huang et al., 1994) ; briefly, embedded cells were thin sectioned (100 nm), stained by the EDTA regressive method (Bernhard, 1969) and labeled with 3C5 antibody followed by 5 nm colloidal gold-conjugated secondary antibody. Sections were examined using a Hitachi H-7000 TEM operated at 75 kilovolts.
Bromo-UTP incorporation
A-431 cells transfected with FLAG-Clk/STY were rinsed briefly in glycerol buffer (20 mM Tris HCl, pH 7.4, 5.0 mM MgCl 2 , 25% glycerol, 0.5 mM PMSF, and 0.5 mM EGTA) followed by permeabilization for 5 min in glycerol buffer supplemented with digitonin (20 g/ml). Transcription buffer (100 mM KCl, 50 mM Tris HCl, pH 7.4, 5 mM MgCl 2 , 0.5 mM EGTA, 25% glycerol, 1.0 mM PMSF, 2.0 mM ATP, 0.5 mM GTP, 0.5 mM CTP, 0.2 mM bromo-UTP, 1.0 g/ml RNAsin, 5.0 g/ml digitonin) was added for 5 min at 37 Њ C. Cells were rinsed in PBS then fixed in 2% formaldehyde in PBS (pH 7.4) for 15 min followed by methanol ( Ϫ 20 Њ C) for 5 min. Triple localization of FLAG-Clk (M2), SR proteins (3C5), and bromo-UTP (rat antibromo, 1:30) was performed as described above.
RNA in situ hybridization for polyadenylated (polyA ϩ ) RNA Cells transfected with FLAG-Clk/STY were fixed in 2% formaldehyde. Hybridization and detection of digoxygenin (DIG)-labeled oligo dT(50) probe was performed according to Huang et al. (1994) . FLAG-Clk/STY was detected with M2 anti-FLAG antibody (Sigma-Aldrich) followed by Texas red GAM IgG 1 .
Nick-translation of ␤ -globin genomic probe
␤ -globin genomic DNA was subcloned into pBluescript (Stratagene). 2 g DNA was nick translated in buffer (50 mM Tris HCl, pH 8.0; 5.0 mM MgCl 2 ; 0.05 mg/ml BSA; 0.001 M ␤ -mercaptoethanol; 0.5 mM each dATP, dGTP, and dCTP; 0.125 mM dTTP; 0.375 mM DIG-11-dUTP) containing 0.01 mg/ml DNaseI and 10 U E. coli DNA polymerase for 2 h at 16 Њ C to obtain fragments of 300-500 bp. The probe was precipitated, resuspended in 20 l water, and 2 l of this suspension was used per hybridization sample.
RNA FISH
A-431 cells were stably transfected with ␤ -globin genomic DNA using FU-GENE and selected in 0.1 mg/ml G-418. Two stable clones were used to examine splicing factor recruitment and splicing of the reporter premRNA. GFP-Clk/STY was transfected by electroporation optimized for A-431 cells. Trypsinized cells were washed in PBS, resuspended in 500 l ice-cold cytomix buffer (10 mM K 2 HPO 4 , 10 mM KH 2 PO 4 , 25 mM Hepes, 120 mM KCl, 0.15 mM CaCl 2 , 5 mM MgCl 2 , 2 mM EGTA, 5 mM glutathione, and 2 mM ATP; pH 7.6), and added to cuvettes containing 12 g GFP-Clk/STY. After a 5 min incubation on ice, cells were electroporated (380 mV, 950 F), transferred to 6 ml culture medium, and plated 2 ml/ coverslip coated with fibronectin (Sigma-Aldrich) to improve A-431 electroporation efficiency (Hashino et al., 1997) . 16 h after transfection, cells were processed for colocalization of SC35 with ␤ -globin pre-mRNA. Cells were fixed for 15 min in 2% formaldehyde, permeabilized 5 min in PBS ϩ 0.5% Triton X-100, washed 3 times for 5 min each in PBS ϩ 0.02% BSA (New England BioLabs, Inc.), incubated in anti-SC35 (1:1,000) ϩ 0.1% BSA for 1 h at room temperature, washed 3 times for 5 min each in PBS, and incubated in Cy5-conjugated GAM IgG (1:800; Jackson ImmunoResearch Laboratories, Inc.) for 1 h at room temperature. Cells were washed 3 times for 5 min each in PBS and fixed for 5 min in 2% formaldehyde followed by washing 3 times for 5 min each in PBS and 10 min in 2XSSC. Denatured nick-translated DIG-11-dUTP-labeled ␤ -globin probe ( ‫ف‬ 200 ng) was added in 50% deionized formamide, 10% dextran sulfate, 1 mg/ ml yeast tRNA and 2XSSC, and coverslips were inverted onto slides and sealed with rubber cement for overnight hybridization at 37 Њ C in a humidified chamber. Cells were washed 30 min in 50% formamide/2XSSC at 37 Њ C, then 30 min each in 2XSSC and 1XSSC. Probe was detected with sheep anti-DIG Fab fragments (1:300; Roche) followed by donkey antisheep Texas red (1:600; Jackson ImmunoResearch Laboratories).
To detect splicing of ␤ -globin pre-mRNA, 30-mer oligonucleotides conjugated with a single Texas red molecule at the 5 Ј end (GIBCO BRL) were designed to hybridize to intron 2 (i2: 5 Ј -gacttccacactgatgcaatcattcgtctg-3 Ј ) or to the splice junction between exons 2 and 3 (e2/3: 5 Ј -cacgttgcccaggagcctgaagttctcagg-3 Ј ). Cells were transfected with GFP-Clk/STY by electroporation as described above. Cells were extracted in CSK buffer (100 mM NaCl, 300 mM sucrose, 3 mM MgCl 2 , 10 mM Pipes, pH 6.8) supplemented with 0.5% Triton X-100 and 2 mM vanadyl ribonucleoside com-plex, and hybridization of oligo probes was performed in 25% deionized formamide, 10% dextran sulfate, 1 mg/ml yeast tRNA, and 2XSSC for 3 h at 37 Њ C. Cells were washed for 30 min in 25% formamide/2XSSC at 37 Њ C then 30 min in 2XSSC. Hybridization signals were scored in untransfected versus transfected cells. Multiple focal planes were examined to confirm the absence of signal in cells without intact nuclear speckles.
Live cell microscopy
Attached cells were transfected with GFP-Clk/STY using FUGENE as described above. The cells were transferred 4 h after transfection to an FCS2 live-cell chamber (Bioptechs) mounted onto the stage of an Olympus IX70 inverted fluorescence microscope (Olympus) and kept at 37 Њ C in L-15 medium containing 10% FBS and without phenol red. Time-lapse images acquired with a 100 ϫ 1.4 NA heated objective lens were captured with a peltier-cooled IMAGO CCD camera using an SVGA interline chip (1,280 ϫ 1,024) with a pixel size of 6.7 ϫ 6.7 m (Till Photonics) as soon as nuclear expression was initially detected (at ‫ف‬ 6.0 h). For GFP-Clk/ STY(K190R), a sequence of 200 exposures (350 ms each) was recorded every 30 min.
Online supplemental material
Videos corresponding to Fig. 8 are presented. Image sequences were acquired using TillVision software (Till Photonics) and animated using QuickTime software. For each video a sequence of 200 images (350 ms each) was taken. Video speed is five times faster than real time. Video 1 shows nuclear speckle dynamics in a cell overexpressing GFP-Clk/ STY(K190R) at 6.0 h posttransfection. GFP-Clk/STY localizes to nuclear speckles and exhibits rapid movement in and out of the speckles. Focal accumulations of GFP-Clk/STY are seen on several speckles. Video 2 shows the same cell at 6.5 h posttransfection. Although all of the nuclear speckles exhibit foci at this stage, nuclear speckle dynamics outside of the foci are largely unaffected. Video 3 shows the same cell at 7.0 h posttransfection. As multiple foci form on each nuclear speckle, they appear paired and larger regions of the speckles become immobilized. Video 4 shows the same cell at 7.5 h posttransfection. The nuclear speckles are almost completely immobilized. Videos are available at http://www.jcb.org/cgi/ content/full/jcb.200107017/DC1.
